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Abstract

Traditional peptide-mediated siRNA transfection via peptide transduction domains exhibits
limited cytoplasmic delivery of siRNA due to endosomal entrapment. This work overcomes these
limitations with the use of membrane-destabilizing peptides derived from melittin for the
knockdown of NFKB signaling in a model of adult T-Cell leukemia/lymphoma. While the
mechanism of siRNA delivery into the cytoplasmic compartment by peptide transduction domains
has not been well studied, our analysis of melittin derivatives indicates that concurrent
nanocomplex disassembly and peptide-mediated endosomolysis are crucial to sSiRNA transfection.
Importantly, in the case of the most active derivative, p5RHH, this process is initiated by acidic
pH, indicating that endosomal acidification after macropinocytosis can trigger siRNA release into
the cytoplasm. These data provide general principles regarding nanocomplex response to
endocytosis which may guide the development of peptide/siRNA nanocomplex-based transfection.

“CORRESPONDING AUTHOR: Washington University in St. Louis School of Medicine, Campus Box 8215, 660 S. Euclid Ave., St.
Louis, MO 63110. Fax: 1 314 454 5265. saw@wuphys.wustl.edu.

SUPPORTING INFORMATION

Six Supplemental Files are available. Supplementary Figure 1 demonstrates characterization of pSRHH/siRNA nanoparticles by
transfection efficiency and Deep-Etch Electron Microscopy. Supplementary Figure 2 confirms minimal pSRHH/siRNA uptake at 4°C.
Supplementary Figure 3 reveals siRNA release within 1hr. Supplementary Figure 4 shows that endocytosis inhibitors are specific to
the indicated pathway. Supplementary Figure 5 provides analysis of the hemolytic activity of p5RHH. Supplementary Figure 6 shows
additional fields of view from confocal microscopy of tumors investigating Cy5.5 labeled siRNA delivery. Supplementary figures are
available free of charge via the Internet at http://pubs.acs.org.
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Post-transcriptional degradation of mMRNA via RNA interference (RNAI) provides a targeted
approach for silencing gene expression that may prove beneficial in the treatment of many
clinically relevant diseases.12 RNAi can be induced by delivery of small-interfering RNA
(SiRNA) into the cytoplasm of a mammalian cell, after which incorporation of the SIRNA
into RNA-induced silencing complexes (RISC) leads to sequence-specific cleavage of
complementary mRNA.3-* Given siRNA’s activity in the cytoplasm, siRNA must bypass
impermeable cellular membranes to reach the cytoplasmic compartment. Unfortunately, due
to sSiRNA’s large molecular weight (~21kDa) and negative charge, naked siRNA cannot
diffuse freely through cell membranes, necessitating an effective delivery system to aid
cellular uptake and subsequent endosomal escape.>8

Common siRNA delivery systems include cationic lipids and polymers, which are efficient,
yet hampered by potential toxicity.®-18 Recent work has focused on poly-basic peptides or
peptide transduction domains (PTD) for siRNA transfection owing to their lack of toxic side
effects.19-27 Unfortunately, many studies have reported only modest success at achieving
highly efficient siRNA delivery when complexed with peptides as a consequence of
excessive endosomal entrapment.28-32 Acknowledging endosomal entrapment as the
primary barrier hindering the progress of peptide-based siRNA vectors emphasizes that new
strategies must be developed to improve peptide-mediated transfection. Accordingly, we
propose that membrane-disrupting peptides carrying a net positive charge could provide an
unexplored alternative for efficient SiRNA transfection due to their dual functionality to both
complex siRNA and disrupt endosomal compartments.

Acid activatable melittin has previously been utilized to improve endosomal escape of
hepatocyte targeted chol-siRNA resulting in a 500-fold improvement in protein
knockdown.33 In contrast, our work focuses on the development of melittin-derived peptides
as an siRNA vector, not just as an excipient for endosomal escape. While our melittin
derivatives are expected to improve upon existing peptide-mediated siRNA delivery by
initiating endosomal escape, additional molecular mechanisms resulting in successful
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SiRNA transfection remain to be identified. For example, recent work by van Asbeck et al.
concludes that sensitivity to decomplexation by poly-anionic macromolecules contributes to
improved transfection, but the role decomplexation plays in siRNA delivery to the
cytoplasm was not established.3* Furthermore, pH-responsive fusogenic peptides from the
influenza virus have previously been leveraged to augment peptide-mediated transfection,
but their ability to improve siRNA transfection may be attributable to increased sSiRNA
packaging or uptake and not endosomal escape.2® CPP/siRNA nanoparticles have been well
characterized from a physico-chemical perspective; however, the mechanisms involved in
peptide/siRNA nanocomplex transfection that contribute to successful bypass of endosomal
entrapment and subsequent induction of RNAI have yet to be elucidated. Additional studies
regarding the intracellular processing of peptide/siRNA nanocomplexes and the mechanism
of siRNA release to the cytoplasm are required to further develop peptides for SiRNA
transfection.

We have previously reported that melittin derivative, pSRHH, is capable of siRNA
transfection with an 1C50 as low as 25nM without significant cytotoxicity at all tested
doses.3° In the current work, this peptide is employed for the delivery of p65 and p100/52
siRNA for simultaneous knockdown of both canonical and non-canonical NFKB signaling
pathways in a murine model of Human T-Lymphotropic Virus-1 (HTLV-1) induced adult T-
cell leukemia/lymphoma (ATLL). For enhanced stability, we show here that an albumin-
coated formulation of p5SRHH exhibits remarkable transfection efficiency attributable to pH
triggered nanoparticle disassembly. Detailed studies regarding the mechanism of action
reveal that exposure to endosomal pH triggers both nanoparticle disassembly and endosomal
escape. Moreover, it is clear from comparisons with nonfunctioning melittin derivatives that
endosomal disruption alone does not result in successful induction of RNAI but requires
concurrent siRNA release from the vector. Our results offer general parameters that yield
efficient siRNA delivery into the cytoplasm by peptide vectors, which may aid the
development noncovalent peptide/siRNA nanocomplexes for sSiRNA therapeutics.

RESULTS AND DISCUSSION

To formulate p5SRHH/siIRNA nanoparticles, p5SRHH (10mM stock in DI H,0) is dissolved
1:200 in Dulbecco’s Phosphate Buffered Saline, vortexed for 30 seconds followed by
addition of the appropriate amount of sSiRNA (100uM stock in 1x siRNA) and incubated at
37°C for 40 minutes (Figure 1a). 40 minute incubations were chosen based on the particle
size as tracked by Deep-Etch Electron Microscopy. Electron micrographs (Supplemental
Figure 1a) indicate that particles formed at this time point have not begun to exhibit further
aggregation, allowing a platform for kinetic stabilization via albumin surface coating.
Notably, 40 minute incubations also exhibit maximal transfection efficiency based on
knockdown of green fluorescent protein (GFP) expression in B16—-F10 melanoma cells
(ATCC, Manassas, VA)(Supplemental Figure 1b).

Albumin is known to provide enhanced nanoparticle stability by coating nanoparticles to
prevent flocculation.38 Albumin-stabilized formulations include a subsequent 30 minute
incubation in the presence of 0.5mg/ml human serum albumin (50mg/ml stock in DI H,0)
prior to use. The size of albumin stabilized p5SRHH/siRNA nanoparticles 72 hours post
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formulation was measured to be ~55 +18 nm (n = 128) by wet mode atomic force
microscopy (Figure 1b), indicating that aloumin prevents flocculation of pSRHH/siRNA
nanoparticles. An analysis of time dependent particle size stability has previously been
performed by DLS, and reveals a lack of particle aggregation after aloumin coating during
an initial overnight incubation.3> The AFM measurements provided here confirm a lack of
aggregation while providing a more accurate assessment of particle diameter.

Considering the uncertainty surrounding the cellular entry of peptide/siRNA nanoparticles,
uptake assays were performed to provide insight into the mechanism by which p5RHH
achieves cytoplasmic delivery of siRNA.37 Flow cytometry assays depicting the uptake of
Alexa4d88-labeled scrambled siRNA packaged with p5SRHH provide a convenient
experimental tool to determine the role of select endocytic pathways in pSRHH/SIRNA
nanoparticle uptake. Incubation of cells at 4°C causes near complete inhibition of p5RHH/
SiRNA uptake, thus rejecting the hypothesis that p5SRHH mediates direct membrane
translocation for cytoplasmic release of sSiRNA (Supplemental Figure 2). Instead, studies of
pSRHH/SIRNA uptake in the presence of endocytosis inhibitors indicate that
macropinocytosis is the major pathway responsible for psRHH/siRNA uptake (Figure 2a—d).
The macropinocytosis inhibitor EIPA dramatically reduces p5SRHH/siRNA uptake whereas
caveolae inhibitor, filipin, and clathrin mediated endocytosis (CME) inhibitor, PAO, have no
affect on p5RHH/siRNA uptake.

The use of chemical endocytosis inhibitors is a common method for evaluating nanoparticle
uptake. However, care must be taken to ensure the selectivity of those inhibitors.38-39
Consequently, uptake inhibition assays were performed for only 40 minutes at inhibitor
concentrations that were determined to be specific to the expected pathway (Supplemental
Figure 2), as demonstrated by inhibition of standard endosomal markers transferrin (CME)
and 70kDa Dextran (macropinocytosis). B16 cells are known not to express caveolin-1, and
not surprisingly uptake of caveolae marker Cholera Toxin B is not measureable in this cell
type (unpublished observation).

Confocal microscopy confirms the flow cytometry data, illustrating strong colocalization of
p5SRHH/Cy3-siRNA with FITC-70kDa dextran (Figure 2j), but not with FITC-Transferrin
(Figure 2i). Cells were incubated with uptake markers for only 40 minutes to minimize
release of Cy-3 labeled siRNA into the cytoplasm, which could yield cytoplasmic or nuclear
fluorescence that otherwise might confound the analysis, and thus cells exhibiting
cytoplasmic release were not imaged to avoid these issues. Interestingly, the rapid (<1 hour
uptake and release) of Cy-3 labeled siRNA confirms the rapid endosomal escape induced by
p5SRHH/siIRNA nanoparticles (Supplemental Figure 3).

These results are in accordance with general rules regulating the cellular uptake of many
positively charged peptides containing basic residues. Specifically, arginine residues can
form bidentate ionic interactions with cell surface proteoglycans, which results in close
association with the plasma membrane.4% Moreover, these nonspecific binding interactions
can stimulate actin rearrangements that are required for fluid phase uptake by
macropinocytosis. The robust uptake of positively charged peptides indicates that
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electrostatic association with the plasma membrane and subsequent fluid phase uptake is
sufficient to achieve substantial peptide/siRNA uptake.

Proper siRNA trafficking subsequent to the initial endocytic event is also vitally important
for successful siRNA transfection. In particular, the pH of endosomes and lysosomes is
tightly controlled by acidification via membrane-bound vacuolar ATPases and can provide a
trigger for environmentally sensitive siRNA release from p5SRHH/siRNA nanoparticles.1-42
To determine if the low pH generated by these vacuolar ATPases is involved in sSiRNA
release from endosomes, cells were incubated in the presence of bafilomycin Al during the
transfection. Compared to control cells transfected without bafilomycin Al (Figure 3e),
bafilomycin Al-treated cells (Figure 3f) led to a near complete loss of GFP knockdown as
determined by flow cytometry. Since bafilomycin Al could be slowing p5SRHH/siRNA
uptake, flow cytometric evaluation of the uptake of fluorescently-labeled siRNA in B16
cells was utilized to ensure that the concentration of bafilomycin Al used in these assays did
not impair p5RHH/siRNA uptake (Figure 3a—c). These data confirm the importance of
endosomal acidification in the cytoplasmic release of siRNA when delivered to cells via
p5RHH.

Because endosomal acidification is crucial to the ability of p5SRHH to deliver siRNA to the
cytoplasm, pSRHH/siRNA nanoparticles were incubated at low pH to ascertain how an
increasingly acidic environment affects nanoparticle integrity. Dye-binding assays using the
nucleic acid stain TOPRO3 reveal that siRNA becomes increasingly accessible at pH < 5.5
as manifested by increased TOPROS3 fluorescence intensity (Figure 4a). To determine if
increased dye accessibility was correlated with increased siRNA release, additional samples
were run on a 20% polyacrylamide gel to resolve free siRNA (Figure 4b). Based on these
data, it is apparent that SiRNA does not become free to migrate into the gel until a pH of 4.5
is achieved. Taken together these assays imply a pH dependent mechanism for particle
disassembly and siRNA release, with a lower pH (4.5) required for siRNA to be completely
released than that required to initiate particle disassembly (pH 5.5). In contrast to pSRHH,
pP5RWR is unable to respond to pH as demonstrated by a lack of TOPRO3 fluorescence at
pH < 5.5 (Figure 4a), and a lack of siRNA release as measured by gel mobility (Figure 5b).

To corroborate particle disassembly, pH-dependent p5SRHH release from pSRHH/siRNA
nanoparticles was quantified after dialysis through a 10K dialysis membrane. These assays
reveal that approximately 40% of pSRHH remained free after particle assembly, and a
strong release of p5RHH occurred at pH < 5.5 (Figure 4c). This pH dependence matches the
pH dependence seen for siRNA dye binding confirming that pH does indeed trigger
nanoparticle disassembly and subsequent release of both pSRHH and siRNA. The lytic
capacity of liberated p5SRHH can be quantified in vitro with red blood cell (RBC) hemolysis
assays. When incubated at decreasing pH, the ability of pSRHH/siRNA nanoparticles to lyse
RBC is enhanced, due to the release of free p5RHH at pH < 5.5 (Figure 4d). These assays
were performed at 4°C to decrease the rate of auto-hemolysis observed at higher
temperatures. RBC hemolysis indicates that free p5SRHH is capable of lysing membrane-
bound structures and could potentially disrupt endosomal membranes in intact cells. A more
complete characterization psRHH’s hemolytic properties is provided in Supplementary
Figure 5.
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Endosomal disruption in living cells was observed by acridine orange staining. Cells were
first loaded with acridine orange (10uM, 15 minutes), which fluoresces red at low pH in the
endosome but green at cytoplasmic pH.#3 Endosomal disruption can be visualized by an
increase in cytoplasmic green fluorescence in the presence of 100uM chloroquine (Figure
4f). Similarly, cells transfected with pSRHH/siRNA also released acridine orange from
cytoplasmic endosomal vesicles, confirming efficient endosomal disruption, whereas cells
transfected with p5SRWR/siRNA nanoparticles did not exhibit endosomal disruption (Figure
4h,g). These results highlight the importance of nanoparticle disassembly and release of
membrane-active peptide measured in vitro for endosomal disruption in a cellular context.
While p5RHH/siRNA nanoparticles are pH responsive and release p5SRHH for endosomal
disruption, pPSRWR/siRNA nanoparticles do not disassemble and do not alter endosomal
integrity.

One potential mechanism for the pH-responsive properties of pSRHH/siRNA nanoparticles
appears to be protonation of histidine residues. With a pKa of 6, histidine likely provides the
critical trigger for particle disassembly because increased siRNA dye binding and p5SRHH
release are recorded at pH < pKa of histidine. Traditionally, protonation of histidine has
often been used as a trigger for siRNA delivery in the context of the proton sponge effect, in
which the buffering capacity of histidine-containing polymers leads to the accumulation of
CI~ counterions and ultimately osmotic rupture of the endosome.3%: 44-48 |n comparison to
methods relying on endosomal buffering for osmotic rupture, the presence of only two
histidine residues in our peptide suggests that these proposed modifications to melittin likely
do not yield adequate buffering capacity to achieve the proton-sponge effect for endosomal
escape. As an example, Lo and Wang have shown that TAT must be augmented by at least
ten histidine residues for successful nucleic acid release into the cytoplasm.30 While we
cannot completely rule out some contribution of the proton-sponge effect to the
endosomolysis by p5SRHH observed for acridine orange release, the need for only two
histidine residues is an indication that pH triggers particle disassembly and subsequent
release of the membrane lytic peptide. Moreover, based on our hemolysis studies, free
p5SRHH causes RBC disruption at concentrations greater than 100uM (Supplementary
Figure 5b), well below the endosomal osmoticity required for osmotic disruption by
chloroquine (>5mM).#° Consequently, osmotic rupture likely plays only a minor role if any.

When examining the ability of p5RHH to deliver GFP siRNA to B16-GFP cells, a strong
decrease in GFP expression at 50nM siRNA is observed by western blotting 24 hours after
transfection (Figure 5a). Moreover, transfection of cells in the presence of 50uM
chloroquine, a known endosomolytic agent, does not improve knockdown.50 The lack of
additional knockdown by chloroquine verifies that p5SRHH itself is able to fully and
efficiently release siRNA from the endosomal compartment, a finding that is visualized by
confocal microscopy (Figure 5d,f).

Despite nearly equal uptake of pSRWR/SiRNA nanoparticles (Figure 5b), pSRWR is unable
to induce GFP knockdown even in the presence of chloroquine (Figure 5a). Confocal
microscopy reveals a high degree of endosomal entrapment, suggesting pSRWR/siRNA
nanoparticles do not reach the cytoplasm (Figure 5c), unless treated with chloroquine
(Figure 5e). The fact that GFP knockdown remains impaired despite endosomal release by
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chloroquine (Figure 5a) indicates that sSiRNA accessibility to the RNA induced silencing
complex is impaired, reflecting the poor siRNA release from p5SRWR based nanoparticles
observed by TOPRO3 binding and gel mobility shift assays in vitro (Figure 4a,b).

These data highlight that the ability of pSRHH/siRNA nanoparticles to disassemble in
response to low pH is crucial for siRNA delivery to the cytoplasm. Specifically, nanoparticle
disassembly with siRNA release from the vector and concurrent endosomolysis by p5SRHH
is a coordinated event yielding access of free SiRNA to the cytoplasmic compartment. The
essential role of coordinated siRNA release and endosomal escape in successful SiIRNA
transfection is well known.>! For example, premature siRNA release in the endosome allows
SiRNA degradation by endosomal hydrolases. On the other hand, peptides which bind too
strongly to siRNA, are also hypothesized to prevent successful RNAI.52 Consequently,
SiRNA release from p5SRHH/siRNA nanoparticles must be concurrent with endosomal
escape for maximal mRNA degradation.

The therapeutic potential of albumin coated pSRHH/siRNA nanoparticles was demonstrated
by the highly efficient transfection of siRNAs targeting both the canonical and non-
canonical NFkB pathways in F8 cells, a murine model of HTLV-1 induced ATLL. The
transcription factor NFkB was chosen as a therapeutic target due to its central role in ATLL,
where it promotes resistance to chemotherapy by driving the expression of anti-apoptotic
proteins.53-55 While small molecule proteasome inhibitors and inhibitors of the IKK
complex can decrease NFKB activation in some ATLL disease models,>%-58 questions
regarding their specificity and ability to inactivate NFkB in vivo highlight the need for more
specific therapeutics.59-81 The potential synergy provided by direct inhibition of both
canonical and non-canonical NFkB pathways via siRNA may be the key to successful
blockade of NFkB signaling required for therapeutic success.

siRNAs were chosen to target the p65 subunit of the canonical pathway and p100/p52
subunit of the non-canonical pathway. Western blotting performed 24 hours after
transfection revealed a dose-dependent decrease in the expression of both proteins that was
not seen when cells were transfected with a scrambled siRNA control (Figure 6a,b). Alamar
blue assays (Figure 6c¢) 48 hours after transfection demonstrate that knockdown of these
pathways in vitro is therapeutically relevant as a strong decrease in cell viability is recorded
with both p65 and p100/p52 siRNAs. Moreover, it is clear that blockade of the non-
canonical NFkB pathway with p100/p52 siRNA (IC50~100nM) is superior to blockade of
the canonical pathway (IC50~200nM) in this cell line. As reviewed by Rauch and Ratner,
the non-canonical pathway plays a more prominent role in promoting anti-apoptotic protein
expression than does the canonical pathway, labeling it as the more desirable target for
modulating the proliferation of ATLL cells.?3 Our data utilizing pSRHH-mediated siRNA
delivery not only confirm this hypothesis but also reveal a synergistic response when
targeting both the canonical and non-canonical NFkB pathways with a single p5SRHH/
siRNA formulation simultaneously packaging both p65 and p100/p52 siRNAs. Use of this
dual targeted p5SRHH/siRNA formulation improves NFkB blockade-mediated cell death,
with an IC50 ~50nM. It is important to note that despite the ability to lyse RBC in vitro and
endosomal membranes in vivo, transfection with scrambled siRNA does not result in any
toxicity of F8 cells. Work in our lab has shown that N-terminal truncation of melittin
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decreases its lytic capacity by 2 orders of magnitude (unpublished observation), and while it
appears that p5SRHH is able to lyse endosomes at high concentration, p5RHH is safe after
endosomal release and dilution in the cytoplasm.

Given the safety of p5SRHH in tissue culture, pilot experiments were conducted to examine
tumor localization of pSRHH/SIRNA nanoparticles when delivered in vivo. IVIS imaging
and confocal microscopy reveal delivery of Cy5.5 labeled scrambled siRNA to the tumor
periphery (Figure 6d—g, Supplemental Figure 6) when introduced by tail-vein injection into
mice carrying spontaneous ATLL tumors at a dose of 1mg/kg. IVIS imaging of resected
organs reveals minimal uptake in traditional clearance organs such as the liver and spleen,
but suggest renal clearance, as previously observed with some polyplexes and
lipoplexes.62-63 The shift in clearance away from the liver and spleen suggests a potential
role for albumin coating in protecting p5RHH/siRNA nanoparticles from opsonization in
accordance with albumin’s previously described ability to act as a disopsonin.84-65

Prior attempts to target NFKkB expression itself have focused on the use of naked antisense
DNA oligonucleotides or lentiviral ShARNA expression, which have limited therapeutic
potential.86-67 The use of antisense oligonucleotides is inefficient, requiring an order of
magnitude more oligonucleotide than our current siRNA formulation in vitro. On the other
hand, viral vectors for ShRNA expression present myriad challenges for human trials
ranging from induction of cancer to toxicity associated with saturation effects.58-70 Due to
the ability to simultaneously target both NFkB pathways, we believe that the current sSiRNA
approach offers proof of concept that the use of pSRHH for highly efficient, low toxicity
transfection of NFkB targeted siRNA reflects a synergistic strategy for the treatment of
ATLL or other disease processes that are driven by NFKB induction.

CONCLUSION

In summary, membrane-lytic peptides can be recruited as endosomal escape agents to
promote the cytoplasmic delivery of sSiRNA by preventing the siRNA entrapment associated
with alternative PTD-mediated transfection. We report an albumin-stabilized p5SRHH/siRNA
formulation with a final size of ~55 + 18 nm which enters cells via macropinocytosis. In this
work, we have utilized flow cytometry to study both siRNA-mediated knockdown of GFP-
PEST as well as endocytosis of fluorescently labeled siRNA-containing nanoparticles. The
utility of concurrently quantifying both knockdown and uptake allows careful dissection of
the cellular processing of siRNA containing nanoparticles exemplified in our studies
revealing the importance of endosomal acidification for successful sSiRNA delivery to the
cytoplasm by p5SRHH. These methods can be applied generally to study additional steps in
the uptake and processing or siRNA carrying nanoparticles. In the case of p5SRHH,
endosomal acidification provides a trigger for pH-mediated particle disassembly with
concurrent siRNA release and endosomal escape brought on by release of free pSRHH.
When utilized for the simultaneous transfection of p65 and p100/p52 siRNAs in a model of
ATLL, p5SRHH mediates a synergistic decrease in cell viability suggesting the potential of
further in vivo studies. We believe that the unique ability of psRHH/siRNA nanoparticles to
efficiently coordinate peptide and siRNA release with endosomal escape portends potential
for the use of p5RHH-mediated transfection in a variety of disease substrates. Furthermore,
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analysis of p5SRHH’s mechanism of action provides insight that can guide the further
development of future peptide vectors for siRNA transfection. We expect that the
formulation methodology reported for p5RHH can be applied broadly to peptide/siRNA
nanoparticles to prevent aggregation and potentially decrease opsonization.

MATERIALS AND METHODS

Preparation of peptide/siRNA nanoparticles and analysis

Cell culture

Melittin derivatives p5SRHH (VLTTGLPALISWIRRRHRRHC) and p5SRWR
(VLTTGLPALISWIKRKRQQRWRRRR) were synthesized by Genscript (Piscataway, NJ),
dissolved at 10mM in RNAse/DNAse free water (Sigma, St. Louis, MO) and stored in 4yl
aliquots at —80°C before use. p5RHH/siIRNA transfection complexes were prepared by
diluting p5SRHH 1:200 in Phosphate Buffered Saline (PBS, Gibco), vortexed for 30 seconds
followed by addition of SiRNA (stock concentration of 10uM in 1x siRNA buffer (Thermo
Scientific, Waltham, MA)) to achieve a peptide to siRNA ratio of 100 to 1, and incubated
for 40 minutes at 37°C with shaking in an Eppendorf Thermomixer R. For animal
experiments, peptide and siRNA were incubated at a 10 fold higher concentration for 10
minutes on ice. Wet-mode atomic force microscopy was performed by ARC Technologies
(White Bear Lake, MN).

B16-F10 (ATCC, Manassas, VA) cell lines were maintained under standard cell culture
conditions (37°C and 5% CO> in a humidified incubator) in DMEM (Gibco, Carlsbad, CA)
supplemented with 10% fetal bovine serum (Gibco). F8 cells were generously provided by
the Ratner lab and cultured in RPMI (Gibco) supplemented with 10% fetal bovine serum in
accordance with previously publications.

Uptake Inhibition by Flow Cytometry

B16-F10 cells were incubated with alexa 488-labeled siRNA packaged with p5SRHH
(25nM), FITC-Transferrin (5ug/ml, Life Technologies) or 70kDa FITC-Dextran (100pg/ml,
Sigma) in the presence or absence of endocytosis inhibitors for 40 minutes. After incubation,
cells were washed 3x in PBS trypsinized and resuspended in FACS buffer (HBSS with 0.2%
FBS and 0.5mM EDTA) for flow cytometry analysis. Inhibitors were used as follows: EIPA
(80uM, Sigma), filipin (100ug/ml, Sigma), and PAO (10uM Sigma).

Confocal microscopy

B16-F10 cells were cultured on glass coverslips overnight before incubation with p5SRHH
nanoparticles and appropriate uptake markers for 40 minutes or 24 hours. p5RHH/Cy-3
siRNA nanoparticles were added at a final SiRNA concentration of 200nM in the presence
of either 70kDa FITC-Dextran (10mg/ml) or FITC-Transferrin (25ug/ml). After the
incubation, cells were washed on ice 3x in PBS for 10 minutes and fixed in 4%
paraformaldehyde before mounting on glass slides (Vectashield Mounting Medium with
DAPI, Vector Labs, Burlingame, CA). Cells were imaged on a Zeiss Meta 510 (Thornwood,
NY).
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Analysis of GFP Knockdown

B16 GFP cells were plated at 150,000 cells/well in 6 well plates and transfected 12 hours
later at a final concentration of 50nM siRNA in 1mL of 10% DMEM in the presence or
absence of 1M bafilomycin A1 (1mM stock in DMSO, Sigma). 24 hours after B16-GFP
cells were transfected with p5RHH/siRNA nanoparticles containing GFP specific or
scrambled siRNA, cells were trypsinized and resuspended in FACS buffer (0.2% FBS and
0.5mM EDTA) for analysis of GFP fluorescence. eGFP siRNA (Sense: 5’-
GACGUAAACGGCCACAAGUUC-3") was purchased from Sigma. Scrambled siRNA was
purchased from Qiagen (Valencia, CA)

siRNA dye accessibility at low pH

Preformed pSRHH/siRNA nanoparticles were incubated in Hank’s Balanced Salt Solution
(HBSS, Gibco) at the indicated pH for 30 minutes in the presence of TOPRO3 (Life
Technologies) diluted 1 to 1000. TOPRO3 fluorescence was measured in a 96-well plate
with excitation at 642 nm and emission at 661 nm. Fluorescence values were then
normalized to SiRNA only controls and presented as the average of 3 separate experiments.

pH dependent gel mobility assays

pSRHH/siIRNA nanoparticles were incubated in HBSS at the indicated pH for 30 minutes
before resolution on a 20% TBE-PAGE gel. siRNA was visualized by staining with SYBR
GOLD in 1x TBE (IBIScientific) diluted 1 to 10000 for 15 minutes.

Acridine Orange Staining for Lysosomal Disruption

B16F10 cells plated on coverslips were loaded with acridine orange at 10uM for 15 minutes
and washed for 3x in PBS before incubation in the presence of p5RHH/sIRNA nanoparticles
in 10% DMEM at a final siRNA concentration of 100nM for 12 hours. Alternatively, cells
were exposed to chloroquine (Sigma) at 100uM for 15 minutes prior to imaging. Live cells
were visualized by fluorescence microscopy on an Olympus BX610 (Tokyo, Japan).

RBC Hemolysis

Rabbit red blood cells (RBC) were isolated from whole blood by centrifugation and washed
in PBS 3x before storage at 4°C. Prior to hemolysis studies, RBC were washed 3x in pH
appropriate HBSS and diluted 1 to 5000. RBC in pH-specific buffer were then incubated
with p5SRHH/siIRNA nanoparticles for 12 hours. The RBC remnants were pelleted by
centrifugation and the hemoglobin content of the supernatant was measured by UV
absorbance at 550 nm. Absorbance values were than normalized against maximum lysis by
pSRHH only controls and presented as the average of 3 separate experiments.

Analysis of NFkB knockdown in F8 cells

F8 cells were plated in 6 well plates at 200,000 cells/well and transfected at varying sSiRNA
concentrations in a final volume of 1 mL with the designated siRNA. siGENOME mouse
NFKB (p65) siRNA 5 and siGENOME mouse NFKB2 (p100/p50) siRNA 1 were purchased
from Dharmacon (Lafayette, CO). Scrambled siRNA was purchased from Qiagen (Valencia,
CA). 24 hours after transfection, F8 cells were pelleted at 1000 rpm in a Precision
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AKR-1000. Cell pellets were then resuspended in 100ul RIPA buffer (10 mM Tris—HCI (pH
7.5), 150 mM NacCl, 1.0% lIgepal CA-630, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 1 mM EDTA, 5% glycerol) with 1 mM PMSF and Complete Protease
Inhibitor Cocktail (Roche) and incubated on ice for 1 hour. Cell lysates were then
centrifuged at 4°C for 5 minutes and supernatants stored at —20°C. Lysates were resolved on
Nupage Bis-Tris gels (Life Technologies) and transferred to 0.22um nitrocellulose before
blocking in 5% bovine serum albumin (Sigma) in TBS-T. Primary antibodies used were
rabbit anti-p65 (1:1000, Cell Signaling, Danvers, MA), rabbit anti-p100/p50 (1:1000, Cell
Signaling). Secondary antibody: anti-Rabbit HRP (1:5000, Santa Cruz Biotechnology).
Blots were developed using ECL Western Blotting Substrate (Pierce, Rockford, IL).

F8 cell Viability Measurements

F8 cells were plated in 24-well plates 12 hours before transfection at 20,000 cells/well in
400 pl and cultured under standard cell culture conditions. p5SRHH/sIRNA nanoparticles
were prepared and incubated with cells for 48 hours in a final volume of 600 pl before
viability measurements using Alamar Blue (Life Technologies. Briefly, Alamar Blue was
diluted 1 to 10 into cell culture media and incubated with cells for 2—4 hours. Fluorescence
was measured on a fluorescent plate reader with excitation at 570 nm and emission at 585
nm (Varian Cary Eclipse, Agilent Technologies, Santa Clara, CA).

Animal Experiments

The experimental animal protocols were approved by the Animal Care Committee of the
Washington University School of Medicine. Transgenic mice with spontaneous tumors were
a gift from the Ratner lab.”> Mice with advanced tumors were selected for pilot experiments
and injected with a single dose at 1mg/kg 24 hours before sacrifice. Animals were perfused
with saline, and tumors were excised for I\VIS imaging and frozen sectioning.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Scheme for formulation of albumin-stabilized p5SRHH/siRNA nanoparticles. (b) Wet-

mode AFM imaging of p5SRHH/siRNA nanoparticles reveals an average particle size of ~55
+ 18 nm (n = 128).
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Figure 2.
(a—d) 40 minute uptake of p5SRHH/Alexa488-siRNA nanoparticles shows that 60% of the

treated cells take up (a) p5RHH/siRNA nanoparticles. The presence of endocytosis
inhibitors indicates that (b) 100pg/mL filipin (caveolae inhibitor) and (c) 10uM PAO
(clathrin mediated endocytosis inhibitor) do not inhibit pSRHH/SIRNA nanoparticle uptake.
Alternatively, treatment with (d) macropinocytosis inhibitor (EIPA, 80uM) nearly abolishes
nanoparticle uptake. (e—j) Colocalization as determined by confocal microscopy shows that
p5SRHH/Cy-3 siRNA nanoparticles are taken up with FITC-70kDa dextran (j) but not FITC-
transferrin (i). Scale bar 10um.
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Figure 3.
(a—c) Bafilomycin Al does not inhibit uptake of p5SRHH/Alexa488-siRNA nanoparticles (c)

compared to transfection in the absence of bafilomycin Al (b). (d—f) On the other hand,
bafilomycin Al blocks knockdown of GFP (f) compared to transfection in the absence of
bafilomycin Al (e) indicating that endosomal acidification is crucial for p5RHH mediated
SiRNA transfection.
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(@) Fluorescence from TOPRO3 binding to siRNA increases dramatically at pH < 5.5 when

packaged via p5SRHH ( ®), but not the non-functioning peptide p5SRWR ( #). (b)

Polyacrylamide gel electrophoresis confirms that pSRHH releases siRNA at pH 4.5 but
pSRWR shows no pH-dependent release. (¢) pSRHH is also released at low pH with an
increase in p5RHH release at pH < 5.5. (d) Freed p5SRHH is capable of hemolysis, leading to
increased hemoglobin release at pH < 5.5. (e-h) Acridine orange release assays show that
pSRHH/siIRNA nanoparticles are able to disrupt endosomes (h) when tested in tissue culture,

as exhibited by dye release similar to that of 100uM chloroquine (f), whereas pSRWR

cannot (g). Scale bar 50um.
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(a) Knockdown of GFP in B16 GFP cells reveals that only p5RHH can successfully deliver

GFP siRNA to the cytoplasm, whereas p5SRWR can not even with endosomal escape
induced by chloroquine. (b) Flow cytometry reveals both p5SRWR and p5RHH deliver
similar amounts of alexa 488-labeled siRNA. Untreated control ( ===); 50nM a488 siRNA/
P5RWR ( ==); 50nM a88 siRNA/p5RWR + chloroquine ( ===); 50nM a488 siRNA/p5RHH
( ==); 50nM a88 siRNA/p5RHH + chloroquine ( ==). Confocal microscopy (scale bar
10um) reveals that pSRWR (c) delivers siRNA by remains in punctate vesicles whereas
p5RHH achieves cytoplasmic distribution (d). Simultaneous incubation with chloroquine is
required to release siRNA to the cytoplasm when transfected by p5SRWR (e) but has no
effect on p5RHH-mediated transfection (f).
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Figure6.
(a,b) Western blotting demonstrates a dose-dependent decrease in p100/p52 or p65

expression that is not seen when treating F8 cells with scrambled siRNA. (c) Alamar blue
assays 48 hours post transfection reveals that scrambled siRNA (H) does not affect F8 cell
viability. Knockdown of the canonical NFkB pathway with p65 siRNA (A) has an IC50 of
nearly 200nM. Targeting the non-canonical NFkB pathway with p100/p52 siRNA (@)
yields an IC50 of 100nM. However, a nanoparticle formulation simultaneously carrying
siRNA to block both canonical and non-canonical NFKB pathways (4p) improves the 1C50
to 50nM. IVIS imaging (scale bar 5mm) reveals tumor localization of Cy5.5 labeled sSiRNA
to the tumor of treated mice (e), and is confirmed by confocal microscopy (g) (scale bar
50um). Non-treated controls shown for comparison (d, f)
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